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013.12.0Abstract Testability virtual test is a new test method for testability veriﬁcation, which has the
advantages such as low cost, few restrictions and large sample of test data. It can be used to make
up the deﬁciency of testability physical test. In order to take the advantage of testability virtual test
data effectively and to improve the accuracy of testability evaluation, a testability integrated eval-
uation method is proposed in this paper based on testability virtual test data. Considering the char-
acteristic of testability virtual test data, the credibility analysis method for testability virtual test
data is studied ﬁrstly. Then the integrated calculation method is proposed fusing the testability vir-
tual and physical test data. Finally, certain helicopter heading and attitude system is presented to
demonstrate the proposed method. The results show that the testability integrated evaluation
method is feasible and effective.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Testability, which is a key design feature of equipment, is re-
garded seriously in the aeronautics ﬁeld. Testability veriﬁca-
tion is an important instrumentality to test and evaluate
whether the testability level of the unit under test (UUT) is
achieved according to the requirements stated in the compact.
Generally, testability veriﬁcation usually focuses on the physi-
cal test method that is based on the faults injection. With test
data, the testability of the UUT can be evaluated with the1 84573397.
Liu).
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12classical statistical theory.1,2 However, due to the physical
location restrictions of some faults and the destructive of fault
injection, the testability physical test data (TPTD) is usually
poor, so the accuracy of evaluation results is affected.2–4
In order to adapt to the new requirements of equipments
for the evaluation accuracy, period, funding and test risk,
more and more attention has been paid to the testability vir-
tual test, which is a new veriﬁcation technology.5,6 The test-
ability virtual test data (TVTD) is acquired by the virtual
injection and virtual measurement of faults. With the advanta-
ges of virtual test, such as low cost, high efﬁciency, low risk,
process controllability, fewer restrictions to fault injection
and so on, a wealth of test data can be acquired in testability
virtual test. Theoretically, the testability can be evaluated by
using the TVTD directly, if the TVTD is credible completely.
So the problem that the TPTD is lacking can be solved well
and the accuracy of the evaluation conclusion can be im-
proved. Nevertheless, because the testability virtual test is stillSAA & BUAA. Open access under CC BY-NC-ND license.
86 G. Liu et al.in the beginning, and the technology is still immature, mean-
while, owing to the limitations of modeling and simulation
technology, the credibility of the TVTD is not high.7 In this sit-
uation, if the testability index is calculated only based on the
TVTD, the credibility of the evaluation conclusion must be
low. Therefore, it is signiﬁcant to ﬁnd a way to evaluate the
equipment’ testability index with TVTD.
The credibility of the TPTD is high while the sample size is
usually small. Meanwhile, the sample size of the TVTD is large
while the credibility is low. Therefore, it is obvious that the
TPTD and TVTD are of the complementary relationship on
the sample size and credibility. In order to take advantage of
testability virtual test data and improve the accuracy of test-
ability evaluation, the TVTD and TPTD are integrated to
compute the testability index in this paper. Up to now, though
the research of integrated calculation based on information fu-
sion is plenty, the research of testability integrated evaluation
method fusing the TVTD and TPTD is few.
To achieve this idea, an integrated evaluation method that
is based on the TVTD is proposed in this paper ﬁrstly. Then
the key technologies are studied: how to analyze the credibility
of virtual test data qualitatively and quantitatively, and how to
fuse the TVTD and TPTD to evaluate the testability consider-
ing the credibility of the virtual test data. At last, certain heli-
copter heading and attitude system is presented to demonstrate
the proposed method.
2. Overall structure of the integrated evaluation method
Considering the characters of TPTD and TVTD, the TPTD
and TVTD are integrated to evaluate the testability index in
this paper. The overall structure of the integrated evaluation
method is shown in Fig. 1.
Firstly, the TPTD is taken as the standard to analyze the
credibility of the TVTD, including dynamic consistency check,
credibility calculation and static consistency check. Secondly,
the TVTD is taken as the prior information to ascertain the
prior distribution of testability index. Then the posterior distri-
bution calculation of testability index is obtained. At last, the
TPTD and TVTD are integrated together to calculate the
testability index.Fig. 1 Overall structure of the integrated evaluation method.3. Credibility analysis of the TVTD
In engineering practice, there is always a credibility problem
that whether the simulation model could represent the real sys-
tem, and whether the simulation results could represent the
true performance of the system. The low simulation credibility
will lead to a corresponding risk increase in decision-making.
To reduce the risk of analysis and results that introduced by
the errors of system simulation model, the veriﬁcation, valida-
tion and accreditation (VV&A) of the simulation model that is
used to make sure the simulation quality and credibility re-
ceived sufﬁcient attention in recent years.8–10 In testability vir-
tual test, the test is taken on the simulation models of the UUT
and the TVTD is acquired after the faults virtual injection and
virtual measurement. Currently, because of the limitations of
technology, the credibility of TVTD is affected by two factors.
One is the differences between the testability virtual prototype
and the physical prototype, and the other one is the differences
between the actual test process and the virtual test. Based on
the upper analysis and the general VV&A theory, the TVTD
credibility analysis process is shown in Fig. 2.
As shown in Fig. 2, the testability test data can be classiﬁed
into the two categories: the dynamic test data and the static test
data. Correspondingly, the consistency check can be classiﬁed
into two categories: the dynamic consistency check and the sta-
tic consistency check. The dynamic test data is the output se-
quences of the key monitoring signals when the prototype is
running with fault, while the static test data is the success-fail
result of the fault detection or isolation. The dynamic consis-
tency check is to guarantee the description accuracy of the vir-
tual prototype of the UUT’s physical structure and the failure
mechanism, and that the dynamic test data is the check objec-
tive. The static consistency check is to ensure the consistency
between the physical and virtual test data and among theFig. 2 Process of credibility analysis of the TVTD.
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is the check objective. The dynamic consistency check is usually
implemented with the virtual prototype modeling. If the output
sequence errors cannot pass the dynamic consistency check, the
virtual prototype modiﬁcation is required. This paper is aimed
at the testability index integrated evaluation that is imple-
mented after the virtual test has been done, so the static consis-
tency check is the focus of this paper and the virtual prototype
is considered to be credible. The dynamic consistency check will
not be discussed here. Because of the differences among the
fault sample sets, the credibility of each batch static test data
may be different, even if the virtual tests are all taken on the
same one virtual prototype. With this premise, it is needed to
evaluate the credibility of static test data before the static con-
sistency check is implemented.
3.1. Credibility calculation of TVTD
Credibility is the quantitative characteristic of the simulation
information consistency. The deﬁnition and computation
formula of credibility were proposed in some researches.7
However, the deﬁnition and computation formula are so sub-
jective that they are not applicable well to a particular matter.
For the testability virtual test, the output sequences of fault
simulation can reﬂect the accuracy of the virtual test and vir-
tual prototype, so the errors between the physical and virtual
test dynamic test data are introduced to measure the credibility
of the simulation information quantitatively in this paper.
Supposing the number of injected fault samples in once
virtual test is n, in order to detect and isolate all the faults cor-
rectly, p kinds of equipment output signals are monitored by
the built-in test equipment (BITE), where the ath signal is re-
lated to q fault samples, a= 1, 2,   , p. To address the accu-
racy of the testability virtual prototype, the error of ath
signal between physical and virtual prototype must satisfy
the requirement ea 2 ½eamin; eamax. Then the mapping function
ca = f(ea) between credibility of the ath signal ca e [0,1] and er-
ror ea can be deﬁned, and the following conditions must be
satisﬁed:
(1) When the error is 0, the credibility equals 1.
(2) When the error is beyond the accredited interval, the
credibility equals 0.
(3) In the accredited interval, the more the error is, the
lower the credibility is.
(4) The function is linear.
The function ca = f(ea) can be described as:
ca ¼
1 ea
eamax
; 0 6 ea 6 eamax
1 ea
eamin
; eamin 6 ea < 0
0; Otherwise
8>><
>>:
ð1Þ
Then the relation between the credibility of every signal ca and
the integrated credibility of the virtual test c is described as:
c ¼
Xp
a¼1
xaca
xa ¼
Xq
t¼1
sta=
Xp
a¼1
Xq
t¼1
sta
8>><
>>:
ð2Þwhere xa 2 ½0; 1 is the weight coefﬁcient of the ath signal, andPq
t¼1s
t
a the reciprocal value sum of the risk priorities of all the
failure modes that is related to the ath signal. The risk priority
that is one integrated value of the failure rate and the criticality
of certain failure modes can be obtained from the failure
modes effects and criticality analysis (FMECA).
3.2. Static consistency check to the TVTD
Because of the limitations of test cost, risk and others, testabil-
ity physical test tends to do one time, so the sample volume of
physical test static data is 1. For the demand on the sample
amount, the traditional static consistency check methods11–13
(such as Smirnov test, Wilcoxon rank sum test, reverse test,
etc.) cannot be applied in the testability test data static consis-
tency check directly, and they need to be improved. Consider-
ing the characteristic of the testability test data and the
requirements of the integrated evaluation method to the test
data, the static consistency check method for testability virtual
test data is put forward as follows.
In the traditional testability evaluation, after the binary test
data (n, s) is obtained, Eq. (3) can be used to evaluate the point
value R and interval value (RL, RH) of the testability index.
1
R ¼ s=nXF
i¼0
n
i
 
RniL ð1 RLÞi ¼
1 C
2Xn
i¼F
n
i
 
RniH ð1 RHÞi ¼
1 C
2
8>>>><
>>>:
ð3Þ
where C is the credibility of the evaluation interval, s the total
number of the faults detected/isolated successfully in the test,
and F= n  s the total number of the fault detected/isolated
which failed in the test.
It is assumed that m batches of testability binary test data
are obtained, including both the virtual test and physical test.
The index evaluation interval of eth test, under the given con-
ﬁdence level C, is calculated by Eq. (3) and denoted as
ðReL;ReHÞ, where e= 1, 2,   , m. Then, the same degree of
any two intervals ðRlL;RlHÞ and ðRjL;RjHÞ can be denoted as
CR(l, j) and calculated by:
CRðl; jÞ ¼ jðR
l
L;R
l
HÞ \ ðRjL;RjHÞj
jðRlL;RlHÞ [ ðRjL;RjHÞj
P 0 ð4Þ
where |Æ| denotes the measurement.
If CR(l, j) = 0, we can say that ðRlL;RlHÞ and ðRjL;RjHÞ are
not compatible, and the unreasonable virtual test static data
must be excluded.
4. Integrated calculation of testability index
The accuracy of the calculation result only based on the virtual
test data may be low because of the credibility of the virtual
test data. Thus, when TVTD and TPTD are compatible, an
integrated evaluation method based on the Bayes theory14,15
can be used to evaluate the testability index. Firstly, the TVTD
can be taken as the prior information to determine the prior
distribution of testability index using classical statistical meth-
od. Then the physical test data can be fused with virtual test
data to calculate the posterior distribution of testability index.
Finally, the testability index can be computed by using the
88 G. Liu et al.Bayes formula. Conveniently, the fault detection rate (FDR) is
taken as an example to explain the Bayes based comprehensive
computation method.
4.1. Prior distribution calculation based on TVTD
There are two parts in FDR prior distribution calculation:
FDR distribution modality estimation and FDR distribution
space calculation. Generally, the binary data of testability test
satisﬁes the binomial distribution, that is to say that the prior
distribution of FDR can be ﬁxed to the binomial distribution.
Then the key work in this step is to calculate the distribution
space of FDR. The FDR prior distribution space calculation
method is proposed as follows, based on the TVTD and the
D–S evidence fusion theory.
Thanks to the advantages of the testability virtual test, the
test time of virtual test is not limited. Every test can be a whole
test and one evaluation interval can be obtained. However, be-
cause of the test initial conditions, simulation randomicity,
data credibility and other factors, each evaluation interval
may be not identical to all the others. Before the prior distribu-
tion space calculation, the diverse virtual test evaluation inter-
vals must be integrated as a collectivity.
It is assumed that there are k virtual test evaluation inter-
vals which have passed the static consistency check. Calculat-
ing the same degree of any two intervals in the k evaluation
intervals, the same degree matrix CR with the dimension
k · k can be obtained:
CR ¼
1 CR12    CR1k
CR21 1    CR2k
..
. ..
.   
CRk1 CRk2    1
2
66664
3
77775 ð5Þ
Normalizing each element of CR, and the new matrix CR0
can be obtained with Eq. (6):
CR0ng ¼ CRng=
Xk
g¼1
CRng ðn ¼ 1; 2;    ; kÞ ð6Þ
The union of evaluation intervals can be taken as a domain,
and the k evaluation intervals can be abbreviated as A1, A2,   ,
Ak respectively. Then the basic probability distribution function
of each evaluation interval can be calculated and denoted as:
mnðAgÞ ¼ CR0ng
Synthesizing the basic probability distribution functions by
evidence fusion theory16,17, it can be calculated as shown in:
gðAgÞ ¼
Qk
n¼1gnðAgÞPk
g¼1
Qk
n¼1gnðAgÞ
ð7Þ
Denoting the allocation coefﬁcient as xg = g(Ag), g=
1, 2,   , k, the integrated interval, which is just the FDR prior
distribution space and denoted as (RVL, RVH), can be calcu-
lated as:
RVL ¼
Xk
g¼1
xg R
g
H  ðRgH  RgLÞ=cg½ 
RVH ¼
Xk
g¼1
xgR
g
H
8>>><
>>>:
ð8Þwhere ðRgL;RgHÞ is the FDR evaluation interval of the gth vir-
tual test, and cg the credibility of gth batch of TVTD which
can be acquired by Eq. (2).
If the FDR point evaluation value of the gth virtual test is
calculated by Eq. (3) and denoted as Rg, the integrated FDR
point value of the virtual test can be denoted as RV and calcu-
lated by:
RV ¼
Xk
g¼1
xgc
gRg: ð9Þ4.2. Posterior distribution calculation
It is assumed that p(X|h) denotes the conditional destiny func-
tion of sample X with the parameter h, while p(h|X) denotes
the conditional destiny function of parameter h with the sam-
ple X. Then the posterior distribution calculation formula of
Bayes can be expressed as7:
pðhjXÞ ¼ pðhÞpðXjhÞR
H pðhÞpðXjhÞdh
ð10Þ
where H= {h} is the parameter prior distribution space.
If the binary data of testability physical test is (n, s), and the
FDR evaluation interval of testability virtual test is
(RVL, RVH), the Eq. (10) can be transformed to be Eq. (11),
which can be used to calculate the posterior distribution.
Where, n denotes the total number of the fault samples in-
jected, s the total number of the fault samples detected success-
fully, and R the point value of FDR.
4.3. Testability index integrated calculation
After the posterior distribution of FDR is calculated, we can
calculate the point value and interval value of FDR with the
Bayes theory, where the distribution space of FDR equals
(RVL, RVH) that is obtained in the Section 4.1.
Denoting the point value of integrated evaluated FDR asbR, and the evaluation interval of integrated evaluated FDR
as ( bRL; bRH), then the testability index can be calculated by
Eq. (12)13, Eq. (13)13 and Eq. (14) respectively.
pðRjsÞ¼ pðRÞPðsjRÞR RVH
RVL
pðRÞPðsjRÞdR
¼ R
sð1RÞnsR RVH
RVL
Rsð1RÞnsdR
¼ R
sð1RÞnsR RVH
0
Rsð1RÞnsdRR RVL
0
Rsð1RÞnsdR
¼ 1
Bðsþ1;n sþ1Þ=
1
Bðsþ1;n sþ1Þ
 R
sð1RÞnsR RVH
0
Rsð1RÞnsdRR RVL
0
Rsð1RÞnsdR
¼ R
sð1RÞns
Bðsþ1;n sþ1Þ½IRVH ðsþ1;n sþ1Þ IRVL ðsþ1;n sþ1Þ
ð11Þ
bR¼ Z RVH
RVL
RpðRjsÞdR
¼
R RVH
RVL
Rsþ1ð1RÞnsdR
Bðsþ1;n sþ1Þ½IRVHðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
¼Bðsþ2;n sþ1Þ½IRVHðsþ2;n sþ1Þ IRVHðsþ2;n sþ1Þ
Bðsþ1;n sþ1Þ½IRVLðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
¼ sþ1
nþ2 
IRVHðsþ2;n sþ1Þ IRVLðsþ2;n sþ1Þ
IRVHðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
ð12Þ
Fig. 3 Structure of heading and attitude system.
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¼
R RVHbRL Rsð1RÞnsdR
Bðsþ1;n sþ1Þ½IRVHðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
¼
Bðsþ1;n sþ1Þ½IRVHðsþ1;n sþ1Þ IbRLðsþ1;n sþ1Þ
Bðsþ1;n sþ1Þ½IRVHðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
¼
IRVHðsþ1;n sþ1Þ IbRLðsþ1;n sþ1Þ
IRVHðsþ1;n sþ1Þ IRVLðsþ1;n sþ1Þ
ð13Þ
bRH ¼ RVH ð14Þ
where B(Æ) and I(Æ) are the Bate function and the incomplete
Bate function respectively, and c is the conﬁdence to the inte-
grated evaluation.
5. Case study
Heading and attitude system is a key component of the heli-
copter. Its structure is shown in Fig. 3 and includes the 28 V
DC power (C1), 26 V, 400 Hz AC power (C2), quickly righting
mechanism (C3), static converter (C4), corrective mechanism
(C5), gyro motor (C6) and sync generator (C7). Its working
environment is complex, failure rate is high, and the fault
detection and isolation time is long. All of these will affect
the readiness of the helicopter. Thus, BITE is designed to mon-
itor the system’s real-time status and to detect and isolate the
faults timely. In the BITE, 10 signals are monitored which are
related to total 16 failure modes. The failure modes and the re-
lated signals are listed in Table 1. The BITE has played an
important role in reducing the occurrence times of accidents.
However, since the cost of hardware fault-injection test is high,
and most of fault samples cannot be injected effectively, there
is no enough useful data. It is difﬁcult to assess the system’s
testability index by testability physical test.
In order to get the FDR of the heading and attitude system
as actual as possible, and test the feasibility and effectivenessTable 1 List of failure modes.
Mode name Component Code Risk priority
Wearout of cam C3 F1 2
Inactive of switch C3 F2 2
Inter-phase short circuit C6 F3 5
Inter-phase open circuit C6 F4 5
Dynamic unbalance of motor C6 F5 8
Failure in switching power C4 F6 3
Failure in three-phase power C4 F7 2
Failure in boost circuit C4 F8 2
Table 2 List of fault samples used in each virtual test.
Test style and order Injected times of each failure model in each virtu
F1 F2 F3 F4 F5 F6 F7 F8
Virtual test 1 6 8 2 3 8 2 1 2
Virtual test 2 5 8 3 3 7 1 2 2
Virtual test 3 3 11 2 1 8 2 1 0
Virtual test 4 7 10 1 5 7 1 0 2
Virtual test 5 4 8 2 3 5 1 2 1of the proposed integrated evaluation method, three other test-
ability index evaluation methods such as physical veriﬁcation
test, virtual veriﬁcation test and testability prediction are car-
ried out at the same time, besides the integrated evaluation
method. All the work is carried out according to the require-
ments of 301 items in GJB2547-95 ‘‘Outline of equipment
test’’18. The fault samples select method used in the physical
test is provided by appendix C in GJB2072-94 ‘‘Maintainabil-
ity test and evaluation’’19, while the method used in the virtual
test is referenced to Zhang et al.20 The fault samples used in
each virtual test are listed in Table 2.
For the fault samples, which are difﬁcult to be injected,
some reasonable methods in the laboratory condition have
been utilized to break the physical limitations when the phys-
ical test is carried. Therefore, all the required fault samples
have been injected and tested, and the result of physical test
is authentic relatively. The virtual prototype of the UUT is
modeled in the EDA software Multisim10, and the virtual test
is carried out under ﬁve different conditions. The virtual pro-
totype is shown in Fig. 4. The testability virtual prototype of
the heading and attitude system has passed the dynamic con-
sistency check, so the TVTD of this virtual prototype can be
used in the testability virtual test. The credibility of the moni-
tored signals in the virtual prototype is listed in Table 3. TheMode name Component Code Risk priority
Output irregular C2 F9 2
Irregular voltage of output C1 F10 4
Underpower C1 F11 2
Inactive of micro switch C5 F12 3
Inactive of motor C5 F13 7
Short circuit of coil C7 F14 4
Open circuit of coil C7 F15 6
Irregular drift C7 F16 8
al test
F9 F10 F11 F12 F13 F14 F15 F16 Total
2 2 2 2 2 2 4 6 54
1 1 1 2 4 4 5 7 56
1 2 1 2 0 3 7 8 52
2 0 1 2 1 0 4 7 50
2 1 2 0 2 4 7 9 53
Fig. 4 Virtual prototype of heading and attitude system.
Table 4 Results of testability virtual and physical tests.
Test style and order Number of fault
samples injected
Number of fault
samples detected
Virtual test 1 54 49
Virtual test 2 56 53
Virtual test 3 52 49
Virtual test 4 50 46
Virtual test 5 53 48
Physical test 50 46
90 G. Liu et al.virtual and physical veriﬁcation test static data are shown in
Table 4, in which the upper ﬁve rows are the virtual test binary
data and the last row is the physical test binary data. The
software TEAMS21 is used in the testability prediction. The
prediction value of FDR is 100%, and result is shown in Fig. 5.
Next, the testability index will be calculated by using the
proposed integrated evaluation method, and integrated evalu-
ation method will be compared with other veriﬁcation and
prediction methods.
5.1. FDR integrated evaluation
5.1.1. Credibility calculation
The credibility of each virtual test are calculated with Eq. (2)
and listed in Table 5. The credibility of each virtual test is dif-
ferent, which results from different fault samples used in each
virtual test and simulation randomicity.
5.1.2. Static consistency check
Taken the conﬁdence to interval estimation method as
C= 90%, and using Eq. (3), the point and interval value of
each test are calculated and the results are listed in Table 6.
It is noted that the result is calculated when the credibility of
the test data is not considered.
According to the static consistency check method proposed
in Section 3.2, the same degree matrix of TVTD and TPTD is
listed as follows:
CR ¼
1 0:5192 0:5806 0:8521 0:9704 0:8521
0:5192 1 0:9123 0:6276 0:5031 0:6276
0:5806 0:9123 1 0:6944 0:5633 0:6944
0:8521 0:6276 0:6944 1 0:8276 1
0:9704 0:5031 0:5633 0:8276 1 0:8276
0:8521 0:6276 0:6944 1 0:8276 1
2
66666664
3
77777775
ð15ÞTable 3 List of monitored signals and the corresponding credibility
Signal style Code Credibility Related failure mode Signa
Voltage of C1 T1 0.95 F10, F11 Volta
Voltage of C2 T2 0.92 F9 Volta
Frequence of C2 T3 0.98 F9 Curre
Voltage of C3 T4 0.81 F6-F8, F10, F11 Magn
Frequence of C4 T5 0.90 F6-F8, F10, F11 MagnAnalyzing the value of same degree matrix, we can ﬁnd that
the consistency between each two intervals is well, so they can
be integrated and used to calculate the testability index.
5.1.3. FDR evaluation based on TVTD
The allocation coefﬁcients of each virtual test evaluation inter-
val are computed with Eq. (7) and are shown as follows:
x1 ¼ 0:2185
x2 ¼ 0:1311
x3 ¼ 0:1816
x4 ¼ 0:2694
x5 ¼ 0:1995
8>>><
>>>:
ð16Þ
Now, the FDR based on all the compatible TVTD can be
calculated by Eqs. (8) and (9). The lower limit value and upper
limit value of the FDR evaluation interval are RVL = 0.804
and RVH = 0.964, the credibility of the evaluation is
C= 0.90, and the point value of FDR is RV = 0.723.
5.1.4. Testability index integrated calculation
Taken the conﬁdence to the physical test as 0.90, the integrated
interval of virtual test as the prior distribution space, and the
physical test data as the additional information, the integrated
evaluation value of FDR can be calculated by using Eqs. (12)–
(14). The point estimate value of FDR is bR ¼ 0:904, and the
upper limit value and lower limit value of FDR arebRL ¼ 0:851, bRH ¼ 0:964.
5.2. Comparison and analysis
The evaluation results based on the virtual test, physical test,
integrated evaluation and testability prediction are compared
and listed in Table 7.
The evaluation results based on physical test is obtained by
sufﬁcient and reasonable fault samples, so the FDR of heading
and attitude system obtained by physical test data is the most
actual and can be taken as the true value. By comparing the
four cases, the following conclusions can be made:in virtual prototype.
l style Code Credibility Related failure mode
ge of C7 (pitching) T6 0.72 F1-F16
ge of C7 (roll) T7 0.70 F1-F16
nt of C6 T8 0.78 F3-F8, F10, F11
itude of temperature T9 0.85 F6-F8, F9-F11
itude of vibration T10 0.83 F2, F12, F13, F16
Fig. 5 Testability prediction report.
Table 7 Value of FDR obtained by different evaluation
methods.
Evaluation method Point value Conﬁdence Interval value
Virtual test based 0.723 0.90 (0.804, 0.964)
Physical test based 0.920 0.90 (0.833, 0.964)
Integrated evaluation 0.904 0.90 (0.851, 0.964)
Testability prediction 1.000
Table 6 Evaluation intervals of FDR.
Test style and order Point value Conﬁdence Interval value
Virtual test 1 0.907 0.90 (0.822, 0.954)
Virtual test 2 0.946 0.90 (0.873, 0.978)
Virtual test 3 0.942 0.90 (0.864, 0.977)
Virtual test 4 0.920 0.90 (0.833, 0.964)
Virtual test 5 0.906 0.90 (0.819, 0.953)
Physical test 0.920 0.90 (0.833, 0.964)
Table 5 Credibility of each virtual test.
Test order 1 2 3 4 5
Credibility 0.80 0.74 0.79 0.77 0.81
Testability integrated evaluation method based on testability virtual test data 91(1) The FDR value bias between the testability prediction
and the physical test signiﬁcantly is large. Although
the testability prediction has the advantages such as
lower cost, higher efﬁciency and so on, the testability
index is predicted only according to the qualitative rela-
tion between faults and tests and the failure rate of fail-
ure modes, while the failure rate change of product,
testing and environmental impact and other actualsituations are ignored in this case. Therefore, the predic-
tion conclusion is optimistic.
(2) The FDR point value of the evaluation method based on
the virtual test is also far away from the value based on
the physical test, and the interval length is longer than
the physical test under the same conﬁdence level, when
the credibility of the TVTD is considered. Because the
credibility of the TVTD is not high in this case, the con-
clusion obtained only by the virtual test must be used in
degraded status according to the given method.
(3) The FDR point value of the proposed integrated evalu-
ation method is close to the value of the evaluation
result based on the physical test. Moreover, compared
with the evaluation method based on the physical test,
the length of the integrated evaluation interval is shorter
at the same conﬁdence level, which means that the inte-
grated evaluation is more accurate than physical test,
because of the enlarged amount of the test data.6. Conclusions
(1) The fault-test dependency model (such as the multi-
signal model and so on) is widely used in the testability
prediction. Because of the simpliﬁcation and some
unreasonable assumption such as perfect test, the opti-
mistic conclusion is often given by the testability predic-
tion. Although more and more work such as the
imperfect test has been done to optimize the fault-test
dependency model, this problem still exists. Meanwhile,
the interval estimation cannot be given by the testability
prediction.
(2) For the testability virtual test, not only the normal state
of the UUT, but also the failure status and diagnostic
procedure are needed to be simulated accurately. This
requirement can be guaranteed by the VV&A process,
which includes both the static and dynamic consistency
check of the test data. The credibility of the TVTD must
92 G. Liu et al.be evaluated carefully and logically, because it will affect
the conﬁdence and accuracy of the testability evaluation
conclusion seriously.
(3) Compared with the testability prediction, when the vir-
tual prototype meets the credibility requirements, test-
ability virtual test is able to describe the dynamic state
of the UUT and the imperfect test better, and provide
a lot of dynamic simulation data and binary test data.
However, because of the difﬁculty in modeling and sim-
ulation, especially for the multi-engineering, the simula-
tion result is not credible completely, which will result in
a degraded conﬁdence to the virtual test conclusion.
Therefore, we cannot make the testability conclusion
only based on the testability virtual test.
(4) Until now, the testability physical test is still the most
dependable method to make the testability conclusion
in the engineering practice. However, the mathematical
basis of the test data-based evaluation is statistics theory
based on large test samples. Because of the complexity
of the UUT and the difﬁculty in the fault injection, the
large amount of test data usually cannot be satisﬁed,
which leads a challenge to the accuracy of the physical
test conclusion.
(5) For the small amount of test data, the Bayesian theory is
widely used. The premise of the Bayesian theory is
accurate and abundant prior information. The credibil-
ity of the TPTD is high while the sample size of the
TVTD is large. Based on Bayesian theory, the integra-
tion of these two types of data can improve the accuracy
and precision of the evaluation conclusion and result in
a shorter evaluation interval with the same degree of
conﬁdence in formal, compared with the physical test.
Therefore, the testability integrated evaluation will be
a hopeful method in the testability evaluation and veri-
ﬁcation ﬁeld, and more work will be done to improve
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